Background and purpose: Multiple sclerosis (MS) is a demyelinating and neurodegenerative disease of the central nervous system (CNS) that can be tracked through biomarkers of disease status. We investigated the effects of exercise on MS biomarkers associated with CNS status including imaging, blood-brain barrier (BBB) function and neurotrophic factors.
Introduction
Multiple sclerosis (MS) is a common neurological disease [1] of the central nervous system (CNS) that occurs when lymphocytes cross the blood-brain barrier (BBB) and initiate axonal demyelinating processes [2] . MS is further characterized by the presence of plaques in the brain that are detectable through magnetic resonance imaging (MRI), disturbances in neurotrophic factors, BBB dysfunction and accelerated whole-brain atrophy [3] . These CNS indicators, including MRI outcomes (i.e. lesion Correspondence: R. Negaresh, Department of Exercise Physiology, Tarbiat Modares University, Tehran 6315966685, Iran (tel.: +989164262029; fax: +986153360839; e-mail: Raoof.negaresh@modares.ac.ir).
status and brain connectivity), neurotrophins, immune function and BBB function markers, are often considered biomarkers of disease status and are typically included in experimental trials and during the clinical monitoring of MS progression [4, 5] . Such biomarkers may further become mechanistic targets of therapeutic approaches in the management of MS.
There are multiple systematic reviews and metaanalyses that support exercise training for symptomatic management and perhaps disease modification in MS [6, 7] . Regarding exercise training and MS biomarkers, we located a single systematic review that included both animals and humans [8] ; the study only included two studies that assessed neurotrophic factors [9, 10] . We are unaware of other reviews regarding effects of exercise training on biomarkers of disease status in MS, yet such a review is important for the further understanding of effects of exercise training on biomarkers of disease status and progression. This may identify plausible mechanisms as targets of exercise training in MS and such an understanding of biological mechanisms has been identified as a rate-limiting step in exercise promotion among people with MS (pwMS) via healthcare providers [11] .
The current study involved a systematic literature review and examined the possible effects of exercise training on MS biomarkers of CNS integrity and disease status. This was necessary as much of the literature suffers from small sample sizes with low power for detecting statistically significant effects and the studies have further included various disease biomarkers with a variety of intervention protocols, which needed to be addressed using a systematic review. The presence of heterogeneity among participants (sex, age, etc.), types of the disease (i.e. relapsing-remitting MS) and the interventions (intensity, duration, etc.) suggested against a meta-analysis based on the Cochrane Library Guidelines [12] . Accordingly, we performed a systematic review of interventional studies that investigated the effects of exercise training on validated and established pathophysiological biomarkers in pwMS.
Methods
The current study reviewed research that investigated the effects of exercise training on the CNS and disease status biomarkers of MS. The study was undertaken using the guidelines and principles outlined by the PRISMA statement and checklist [13] . We did not register the review using PROSPERO.
Search strategy
This systematic review was conducted based on a literature search of four electronic databases, including Scopus, Medline, EMBASE and the Cochrane Library. The current review focused on studies that investigated the effect of exercise training on MS biomarkers including imaging, BBB and neurotrophic markers (Table S1 ).
Methodological quality
We described the methodological quality of eligible studies using the 11-item Physiotherapy Evidence Database (PEDro) scale (see Appendix S1).
Results

Results of searches
We located a total of 3012 citations through searches in four electronic databases (Table S1 ). Of these, 16 studies were eligible for review after examining inclusion and exclusion criteria. However, one of the eligible studies was included via backwards citation or forward searching (see the PRISMA flow-chart in Fig. 1 ).
Methodological characteristics of included studies
The methodological characteristics of the included studies are given in Appendix S1. Methodological quality ranged between 3 and 9 on a 10-point scale and the mean PEDro quality score was 6.4 AE 1.4. This indicated fair methodological quality (Table 1) . A total of 10 studies (62.5%) reflected high methodological quality (score ≥ 7) ( Table 2) .
Results of reviewed studies
Six studies focused on the imaging markers of the CNS in pwMS (Table 3) . Reviewed studies focused on brain structure, connectivity and viscoelastic properties. Overall, results emphasized the positive effect of exercise. Three studies focused on BBB function markers in pwMS (Table 3) . Studies used peripheral circulation markers including matrix metallopeptidase (MMP)-9 [14, 15] , MMP-2 [15] , s100 calcium-binding protein B and neuron-specific enolase [16] . Results of BBB markers studies revealed a positive effect of exercise, particularly where s100 calcium-binding protein B was investigated. Nine studies focused on neurotrophic factors (Table 3 ) including brain-derived neurotrophic factor (BDNF) [9, 10, [15] [16] [17] [18] [19] [20] , nerve growth factor [10, 16, 19, 20] , neurotrophin-4 [21] (one study), plateletderived growth factor and ciliary neurotrophic factor #1, eligibility criteria (not included in the total score); #2, random allocation; #3, allocation was concealed; #4, groups were similar on important criteria at the baseline; #5, blind all subjects; #6, blind therapy administration; #7, blind all assessors; #8, outcomes were obtained from more than 85%; #9, intention to treat analysis; #10, statistical comparisons between groups at least for one key factor; #11, point estimates and variability. [16] in pwMS. Among eight studies that investigated the effects of exercise training on BDNF, four studies [16] [17] [18] 20] reported a significant increase (see Appendix S1).
Discussion
We performed a systematic review of intervention studies investigating the influence of exercise training on MS biomarkers related to the CNS. Such an analysis is important for discovering possible mechanisms of effects of exercise training on disease modification and informing clinical practice for promotion of exercise behavior [11] .
Imaging markers
Magnetic resonance imaging scanning is the first line of diagnosis and monitoring of disease status and progression in MS. Imaging marker studies, with the exception of one study [22] , considered ≥12 weeks of exercise training as an intervention. It is reasonable to speculate that improvement in brain structure and function needed exposure to and stimulation by longer duration interventions when compared with blood biomarkers. The longest period of exercise intervention was observed in an MRI study [23] , which was a conducted supervised progressive resistance training program, performed twice weekly for 24 weeks, comprised of community-based self-guided training without supervision for 24 weeks. In this study [23] , exercise training conditions demonstrated a slower progression of lesion load compared with previous evidence [24] ; however, no significant differences were noted pre-to post-test between groups. Moreover, brain volume showed a trend, which was not significant, towards a reduced rate of brain atrophy during supervised exercise training. Our recent systematic review [25] concluded that exercise training (i.e. resistance training) can reduce pro-inflammatory cytokine levels, which can lead to reduced brain atrophy and lesion development. As physical activity needs to repeat co-activation of the brain areas [26] [27] [28] and continuous changes of [22, [28] [29] [30] have investigated brain connectivity responses to exercise training. Exercise training can improve brain connectivity by increasing muscle strength and strengthening synapse efficiency between neurons through co-activation of brain areas associated with fatigue (i.e. caudate) in pwMS [26, 29] . Furthermore, exercise training can reinforce the thalamus-cortex network, which results in improvements of thalamocortical resting-state functional connectivity (RSFC) as indicated in a previous study [28] . Changes in brain connectivity were associated with improvements in clinical outcomes that included cognitive fatigue and cognitive process speed (Table 3) , which could be due to selective neuroplasticity changes in functional connectivity in the caudate and thalamocortical areas [29, 31] . Finally, the last magnetic resonance scan study [31] , which included elastography methodology as a non-invasive imaging technique for measuring the viscoelastic properties of the hippocampus, reported a large effect of walking training ability (stiffening increased by 8.4% and viscosity decreased by 11.5%). Further, they concluded that improvement in response of hippocampal viscoelastic properties to exercise training can be considered as a mechanism for the exercise training-related changes in learning and memory that were observed in this study [31] . One of the major issues of imagining studies is that the drop-out rate of participation exceeded 15% (range, 17%-38%). As a result of this, no imaging studies met the eighth criteria of the PEDro scale (outcomes were obtained from >85%). The high drop-out rate in addition to small sample sizes in some studies [28] [29] [30] [31] tempers the conclusions possible from these studies. Therefore, future studies should recruit a large cohort of pwMS and include strategies for maximizing participation retention [32] . Ultimately, one study [29] did not meet the second and third criteria of the PEDro scale (random and concealed allocation) and this further weakens the results of that study.
Blood-brain barrier function biomarkers s100 calcium-binding protein B and neuron-specific enolase have been investigated in one previous study [16] . In this randomized controlled trial, only s100 calcium-binding protein B demonstrated significant change in the normal-weight group who exercised. As exercise training is able to reduce reactive oxygen species and pro-inflammatory cytokines [16, 25] , physical activity can be considered as a strategy to reduce BBB permeability and to improve integrity. A study [15] that examined MMP-2 and MMP-9 as BBB indicators showed significant reductions in the serum level of MMP-2, but not MMP-9, after high-intensity interval training. Based on the PEDro scale, this study [15] had the highest methodological quality (9/10). However, this study [15] did not satisfy the fifth PEDro criterion (blinding all subjects); this criterion is not applicable for exercise training intervention studies [25] . Other research [14] confirms that resting serum levels of MMP-9 remain stable after combined training; however, this study had >15% drop-out of participants, which undermined the results. As previous evidence described the role of MMP-2 in the inflammatory processes, current results can reinforce the hypothesis that regular physical activity has antiinflammatory properties [33] . In addition, improving the MMP-2 level is consistent with the improvement of cognitive function in pwMS [15] . As MMP-2 has emerged as an important pathogenic molecule that disrupts the BBB [14, 15] , significant reduction of MMP-2 levels can indicate the protective effect of exercise while improving cognitive function. Although the results indicate a positive effect of exercise training on BBB function, the studies all included indirect indicators of BBB function and none of the studies used the dynamic contrast-enhanced MRI as a gold-standard method. Therefore, future studies should include this methodology when investigating effects of exercise training on BBB function in MS.
Neurotrophic factors
Eight studies focused on BDNF, four of which reported a significant increase in the concentration of this biomarker [16] [17] [18] 20] . These results agree with previous human studies in a variety of psychiatric conditions and can be found in the recent reviews on BDNF response to exercise training in healthy individuals and psychiatric conditions [8, 34] . Importantly, it has been suggested that BDNF increases as a result of exercise training also promote cognitive function and alleviate psychiatric symptoms [8] . However, due to different clinical measurements for psychiatric conditions compared with MS, we must be careful when extrapolating the results. The most appropriate modality and intensity of exercise training remain controversial for altering BDNF levels in MS. Increases in BDNF levels after cycling training were demonstrated only in individuals who cycled in water (not on land) [20] , which can be interpreted as anti-inflammatory beneficial effects of immersion. It has also been suggested that immersion in water results in lower adrenalin and noradrenalin levels. This indicates that immersion affects sympathetic and parasympathetic pathway activity [35] .
Several important issues can influence the measurement of BDNF. For instance, sociodemographic background, such as body composition, determines response of BDNF to exercise training [34] as demonstrated previously [16] , which also supports the metabolic role of BDNF [16] . It seems that weight gain is associated with low-grade inflammation [36] , which can lead to limited neurotrophic factor (i.e. BDNF, platelet-derived growth factor) production. Therefore, the authors suggested that weight management in overweight and obesity in pwMS could perhaps modulate and enhance the effect of interventions (i.e. exercise training) [16] .
Although there is a larger corpus of research on neurotrophic factors than on imaging and BBB markers, these studies are limited to peripheral blood flow and evaluating cerebrospinal neurotrophic factors might provide more interesting results [16, 20] . Accordingly, future studies focused on exercise training should include cerebrospinal neurotrophic factors. Additionally, the assessment of clinical and psychological indicators (i.e. cognitive function) alongside neurotrophics can add strengths to the results that have been neglected in most studies. However, studies with exercise training as an intervention used in other medical conditions, such as stroke [37, 38] , further align with the current findings and indicate that exercising at moderate to high intensity increases neurotrophic factors (i.e. BDNF).
Limitation and future research
There are some observations on this article that need clarification. First, we did not register the review in PROSPERO for a-priori establishment of the parameters of the systematic review. The small number of studies that investigated the effects of exercise training in pwMS that satisfied our inclusion criteria is a main limitation, particularly for imaging markers. The sample size of some studies was very low (especially imaging markers) and four of six studies on magnetic resonance scan [28, 29, 31] included only three to seven subjects per condition. Some studies of neurotrophic factors [10, 17, 19, 21 ] also had small sample sizes (<16 in each condition). These small samples increase the risk of a type II error. The current study is limited to the focus on special biomarkers, e.g. most articles focused on neurotrophic factors and therefore emphasized BDNF in order to better understand the mechanisms and effect of exercise training. However, a more complete review of biomarkers is needed.
The reviewed studies were heterogeneous in several areas, including subject characteristics (i.e. age, MS type and disease), exercise modalities (i.e. resistance and endurance), duration of interventions (3-48 weeks) and MS biomarkers related to the CNS. Therefore, meta-analysis may not be applicable according to the Cochrane Library Guidelines and we only performed a systematic review.
Conclusion
Collectively, moderate intensity exercise training performed for two to three sessions per week for at least 4 weeks with moderate intensity can improve brain function and integrity. In addition, the improvement of BBB permeability markers and the increase of some neurotrophic factors (e.g. BDNF) can lead to improvement of disease status. However, some limitations of the reviewed studies prevent conclusions about the effect of exercise training on MS biomarkers. Data revealed that moderate to high intensity exercise training (two to three sessions per week for at least 30 min) can improve neurotrophic factor levels. However, results of the current systematic review generally indicate that exercise training can be considered as an important complementary therapy for MS. There is a requirement for more research studies to be completed using rigorous methodologies in large samples in order to establish the role of exercise training on MS status from a biomarker perspective.
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